ABSTRACT: A protein corona, which forms on engineered particles as soon as they are introduced into biological environments, is known to provide particles with a 'biological identity'. Protein coronas derived from various biological environments have been demonstrated to alter the cell internalization mechanism, to diminish targeting ability and to induce nanoparticle aggregation. So far, most of these studies have challenged engineered particles with a static biological environment. However, the extracellular environment is highly dynamic due to the process termed 'cell conditioning', in which 2 cells deplete and secrete biomolecules. In this work, we demonstrate that protein coronas formed on engineered particles from such cell-conditioned media affect the biophysical particle properties and protein adsorption differently to protein coronas from an unconditioned environment. When investigating particles with protein coronas formed in various biologically relevant environments toward their interaction with immune cells we observed differences in pro-inflammatory cytokine secretion and immune cell apoptosis.
cells deplete and secrete biomolecules. In this work, we demonstrate that protein coronas formed on engineered particles from such cell-conditioned media affect the biophysical particle properties and protein adsorption differently to protein coronas from an unconditioned environment. When investigating particles with protein coronas formed in various biologically relevant environments toward their interaction with immune cells we observed differences in pro-inflammatory cytokine secretion and immune cell apoptosis.
Interestingly, we found that the particles either increased or mitigated the secretion of a specific cytokine, depending on the environment where the protein corona was formed.
Our study suggests that the use of protein coronas could be useful to engineer drug carriers for elongated circulation, enhanced biocompatibility, and lower toxicity by triggering a specific immune response.
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INTRODUCTION
When nanoengineered particles designed for biological applications enter a physiological environment they are surrounded by a biological fluid of complex composition including proteins, lipids, metabolites and ions. It is widely accepted that proteins and biomolecules from this environment adsorb on the particle surface and form a 'protein corona' (PC), which imparts the chemically designed particle with a 'biological identity'. [1] [2] [3] Highly abundant proteins bind rapidly to the surface and are eventually replaced by less abundant proteins that show a higher affinity for the particle surface. [4] [5] [6] [7] In equilibrium the inner near-monolayer corona is termed the 'hard' PC (hPC), in which molecules bind tightly but not completely irreversibly. 1 The outer layer is referred to as the 'soft' PC (sPC) and is formed by more loosely associated and more rapidly exchanging proteins. 1 It has been demonstrated that the formation of PCs depends on both the biological environment and the physicochemical properties of particles, such as size, curvature, hydrophobicity, charge, and surface functionality. [8] [9] [10] [11] [12] While the sPC is highly dynamic and 'evolves' with time, 13, 14 in particular when particles are transferred from one biological environment to another, the hPC derived from a previous environment is partially retained. 2, [13] [14] [15] Therefore, PCs, especially hPCs, can provide a 'fingerprint' and information on environments to which particles have been exposed to. 16 Previous studies have shown that the PC plays a key role in particle-cell recognition and ensuing interactions. 1 For example, it has been reported that PCs reduce the cellular uptake of nanoparticles through the inhibition of cell membrane adhesion 17, 18 and that the presence of a PC can dramatically decrease or totally eliminate the targeting ability by shielding the targeting ligand tethered to the particle surface. [19] [20] [21] Moreover, it has been shown that PCs affect the internalization mechanisms of particles by changing the dominant internalization route. 22 In addition, the adsorbed proteins might unfold and initiate different cell signaling pathways or cause unexpected inflammatory responses. 3, 23, 24 For example, the same type of PC derived from fetal bovine serum (FBS) has been reported to play different roles in the uptake of polymeric particles by immune cells. 3 Upon adsorption of BSA on the surface of the polymeric particles the protein underwent conformational changes, leading to lower internalization efficiency by monocytic THP-1 cells. In contrast, Class A Scavenger Receptor (SR-A) expressed on the surface of macrophage-like dTHP-1 cells recognized denatured BSA in the proteinparticle complex and initiated an internalization of the BSA-particle complex via SR-Amediated phagocytosis. 3 So far the majority of studies investigating the effect of PCs on particle-cell interactions have used 'static' sources of PCs, including albumin, fibrinogen, FBS, human serum (HS) and human plasma (HP). 3, 9, 19, 23 However, these environments do not fully reflect the highly dynamic nature of extracellular environments. 25, 26 It is known that living cells continuously internalize nutrients from the environment for normal cell function, growth and proliferation, and secrete products into the environment. 25, 26 This process, known as cell conditioning, continually alters the components of extracellular environments, including proteins, nutrients, and ions. [25] [26] [27] For example, it was shown that incubation of gold nanoparticles (AuNPs) in various cell-conditioned environments leads to PCs of different compositions and induces AuNP aggregation. 27 Interestingly, NP aggregation was not only observed for the whole conditioned media, but also for its protein-free filtrate, indicating the involvement of low molecular weight components (e.g.
biomolecules, nutrients, ions) in this process. 27 AuNPs with cell-conditioned PCs showed higher cell affinity, uptake, and retention of the AuNPs, presumably due to the different biological identity of AuNP aggregates. 27 While this study highlighted the influence of cell-conditioned media on the PC of particles, its implications on subsequent immune responses upon interactions between immune cells and cell-conditioned PC-coated particles have not been reported. Since the interaction of particles with the immune system is one of the key factors that determines the in vivo circulation of particles, 28 it is of importance to study how PCs, especially cell-conditioned PCs, affect particle-immune cell interactions.
Herein, we formed PCs on the surface of multilayered poly(methacrylic acid) (PMA) particles under various unconditioned and cell-conditioned environments, and compared the influence of the PCs on the surface properties of the particles, the particle-cell interactions, and the particle-induced immune responses, such as cytokine secretion and cell death/apoptosis (Scheme 1). We have previously developed PMA particles, generated via layer-by-layer (LbL) assembly, for various biological applications, and have shown their potential for drug delivery, 29 vaccine delivery, 30 and as microreactors. 31 In this study, we examined the formation and impact of PCs on both hollow capsules (CAPs) and core-shell particles (CSPs) because they are different in rigidity due to the absence or presence of a silica core, which has resulted in different in vitro and in vivo outcomes. 32 By exposing CAPs and CSPs to FBS, HS, HP, or media from different cell cultures, various unconditioned and cell-conditioned PCs were formed. These PCs differed in protein composition, influenced the surface properties of particles, and affected cytokine secretion and apoptosis levels upon particle-immune cell interactions.
We found that these changes depended on 1) the properties of the particles (CAPs vs.
CSPs), 2) the immune cell line (macrophage-like vs. monocyte) and 3) the biological environment for PC formation, and more specifically, the cell phenotype that was used for 'conditioning' of the medium. Importantly, the level of a particular cytokine (e.g. IL-1β, MCP-1) could be both increased and decreased by a different PC on the same particle system, suggesting that the rational design of PCs can offer an alternative strategy for particle surface functionalization. Such a biomimetic functionalization approach could potentially achieve specific physiological objectives, including elongated circulation, enhanced targeting outcomes, lower toxicity, and improved vaccine delivery. LbL Particle Preparation. The LbL particles were fabricated as described previously. 8, 19 The synthesis of alkyne-functionalized poly(methacrylic acid) (PMA Alk ; alkyne functionalization degree ~8%) is described in the Supporting Information. The synthesis of the disulfide reducible cross-linker (click cross-linker), N,N'-(dithiodiethane-2,1-diyl)bis(1-azido tetraethylene glycol acetamide) and subsequent LbL assembly of the degradable CAPs and CSPs were outlined previously. 8, 33 A standard washing procedure was employed as follows: a 200 μL SiO 2 particle suspension (50 mg mL -1 ; diameter 519 nm) was centrifuged at 1000 g for 90 s. The supernatant was removed and the particles were dispersed in 1000 μL of NaOAc buffer (pH 4, 50 mM). Three centrifugation/redispersion cycles were conducted. Following washing, 1000 μL of PVPON (1 mg mL -1 ) in NaOAc buffer (pH 4, 50 mM) was added to the particles (for adsorption onto the silica surface) for 15 min with constant shaking. The resulting particles were washed using the standard washing procedure described above (three centrifugation/redispersion cycles using NaOAc buffer). Then, to adsorb a PMA Alk layer onto the PVPON layer, 1000 μL of PMA Alk (1 mg mL -1 ) prepared in NaOAc buffer (pH 4, Fluorescence Labeling of Particles. The particles were labeled with AF633, as described previously. 8 First, 500 μL of EDC (10 mg mL -1 ) prepared in PBS buffer at pH 7.4 was mixed with 500 μL of five-layered PMA CaP or CSP suspensions in PBS.
Subsequently, 5 μL of AF633 (1 mg mL -1 ) in dry DMSO was added to the mixture.
Samples were incubated in the dark with constant shaking for 16 h at ~23 ºC. After labeling, the CAPs and CSPs were washed three times in PBS and counted using flow cytometry (Apogee Flow) to determine their concentration. 
Formation of Protein

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE).
The separation of proteins in the PC by using SDS-PAGE followed a protocol established previously. 8 For the analysis, 1 × 10 8 PMA CAPs or CSPs were used to generate the hPC-coated particles following the protocols described above. The adsorbed proteins were stripped from the particles by adding NuPAGE LDS sample loading buffer and 
Analysis of hPC Effects on Particles. Protein Adsorption.
To analyze the hPCs, proteins were subsequently eluted from the particle surface, separated by SDS-PAGE, and stained with Coomassie G-250. It was shown that exposing the particles to various environments led to both qualitative and quantitative changes in the hPCs (Figures 2A,B and S2). Protein-rich conditions (100% FBS, HS and HP) led to hPCs of at least four times higher total amount of adsorbed proteins compared to those formed in in vitro cellconditioned environments (~10% FBS plus cell-secreted proteins) ( Figure 2B ). This finding is in accordance with our previous report where we analyzed the amount of adsorbed protein in hPCs from 10, 50 and 100% HS, and found an increasing amount of protein with increasing content of HS. 19 Similar to our previous report, 8 the composition of hPCs was dependent on the properties of the particles (Figure 2A ). However, a common feature in all hPCs was a number of proteins in the region within 40-65 kDa (Figures 2A and S2) , where albumin, the most dominant protein in serum, elutes. 19 It is noteworthy to mention that the cell-conditioned medium differed among the investigated cell lines according to the recommended culture growth medium, respectively. Subtle differences in medium composition might additionally contribute to differences in the hPC 34 highlighting the complexity of this process. Further experiments revealed that hPCs from FBS, HS, HP, HeLa-, LoVo-, and THP-1-conditioned media, were long-lived and could partially retain their original composition even after subsequent 24 h incubation in complete cell growth media ( Figure S3 ). Especially for hPCs derived from HS and HP, SDS-PAGE showed two protein bands between 25 and 40 kDa, which are characteristic for the environment the protein corona was formed, and which did not exchange upon incubation in complete cell growth media. To qualitatively understand the hPCs derived from HS and HP we also performed mass spectrometry (MS). MS analysis resulted in over 150 proteins detectable in these hPCs and are listed in Table S1 .
Surface Charge. We next evaluated the effect of hPCs from different conditioned and unconditioned environments on the particle surface charge by performing a ζ-potential analysis of the particles. In general, as reported previously, 8 the adsorption of proteins led to "neutralization" of the particle surface charge for both the CAPs and CSPs ( Figures 2C   and S4) ; that is a decrease in surface charge. The decrease in surface charge was similar for all cell-conditioned PCs and less compared to the control of the same FBS amount (10%). Notably, among all conditioned hPCs, the LoVo cell-conditioned hPC was the only one that had a negligible impact on the particle ζ-potential. Further, the neutralizing effect of hPCs on particle surface charge was strongest for the commercialized serum environments (100% FBS, HS, HP) where the protein concentrations are much higher than those in in vitro cell-conditioned environments. As discussed above hPCs from FBS, HS and HP contained significantly more proteins on the particles surface than hPCs from cell-conditioned media. This finding indicates that the neutralizing effect of hPCs on particle surface charge depends on the total amount of protein adsorbed on the particle surface for both the CAPs and CSPs ( Figure 2B,C) . A higher protein concentration may lead to higher surface coverage and different hPC composition, which results in different "neutralization levels" of the particle surface charge ( Figure 2C ). Figures S6 and S7) . Generally, the presence of a hPC reduced the particlecell association and depended on the environment where the hPC was formed, on the cell phenotype (THP-1, dTHP-1 or HeLa cells) and on the properties of particles (CSPs or CAPs) (Figure 3 ). This observation is in agreement with other studies, in which cellular uptake of nanoparticles decreased due to the presence of serum proteins. 17, 18 Specifically, this inhibition effect on cellular uptake of particles by THP-1 and HeLa was stronger, resulting in a lower particle-cell association to these cells than to dTHP-1 cells (Figures 3 and S5 ). This is in agreement with our previous study, which revealed that the PC played different roles in particle interactions with dTHP-1 and THP-1 cells, due to the presence of phagocytosis receptors on dTHP-1 cell surfaces. 3 Cellular uptake was inhibited by hPCs to a similar extent toward THP-1 and HeLa cells, however, the uptake of PC-free particle was much higher for THP-1 than for HeLa cells suggesting different uptake mechanisms of phagocytes (THP-1) and cancer cells (HeLa) ( Figure S5 ). Comparing the two particle systems, hPCs showed a stronger inhibition on capsule-cell association than on core-shell particle-cell association (Figures 3 and S5 ). This may be because of the difference in rigidity and sedimentation effects between CAPs and CSPs due to the absence or presence of the template. 32 Interestingly, the LoVo cell-conditioned hPC inhibited the cellular uptake of both the CAPs and the CSPs by both immune cell lines 
Cell Association and Cellular
CONCLUSIONS
In this study, we demonstrated that hPCs from different unconditioned and cellconditioned environments influence the particle properties, affect particle-cell interactions, and induce immune responses differently. In the process of cell-conditioning, cells internalize nutrients from and secrete molecules into the surrounding, thereby generating a highly dynamic environment. It was shown earlier that this 'noncommercialized' composition affects the biological identity of a particle different to a static environment and induced AuNP aggregation. 27 We observed well-dispersed particles upon PC formation in both unconditioned and in vitro cell-conditioned environments. However, particles varied in surface charge, amount of adsorbed proteins, and cellular uptake by phagocytes (THP-1, dTHP-1) and cancer cells (HeLa). In particular, the decreased uptake of particles with a hPC from LoVo-conditioned medium by phagocytes is an important finding for designing particles for enhanced circulation.
Similarly, particles with PC coatings from different static or dynamic environments either increased or lowered cytokine levels. The induction of specific cytokine secretion is promising for vaccine delivery, while certain types of PCs might be used to reduce the inflammatory cytokine secretion and cell apoptosis, which, as a result, may help reduce the toxicity or side-effects of the particles. On the whole, our study shows that subtle differences in PCs offer specific coatings for surface functionalization, which presents an alternative avenue to engineer particles to influence bio-nano interactions.
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